In the field of solar water splitting, searching for and modifying bulk compositions has been the conventional approach to enhancing visible-light activity. In this work, manipulation of heterointerfaces in ZnS-GaP multilayer films is demonstrated as a successful alternative approach to achieving visible-light-active photoelectrodes. The photocurrent measured under visible light increases with increasing number of interfaces for ZnS-GaP multilayer films with the same total thickness, indicating it to be a predominantly interface-driven effect. The activity extends to long wavelengths (650 nm), much longer than expected for pure ZnS, and also longer than previously reported for GaP. Density functional theory (DFT) calculations of ZnS-GaP multilayers predict the presence of electronic states associated with atoms at the interfaces between ZnS and GaP that are different from those found within the layers away from the interfaces; these states, formed due to unique bonding environments found at the interfaces, lead to a lowering of the band gap and hence the observed visible-light activity.
ZnS-GaP multilayers predict the presence of electronic states associated with atoms at the interfaces between ZnS and GaP that are different from those found within the layers away from the interfaces; these states, formed due to unique bonding environments found at the interfaces, lead to a lowering of the band gap and hence the observed visible-light activity.
The presence of these electronic states attributed to the interfaces is confirmed by depthresolved X-ray photoelectron spectroscopy. Thus, we show that interface engineering is a promising route for overcoming common deficiencies of individual bulk materials caused by both wide band gaps and indirect band gaps, and hence enhancing visible-light absorption and photoelectrochemical performance.
INTRODUCTION
Achieving high solar-to-hydrogen conversion efficiencies for photoelectrochemical (PEC) water splitting requires a semiconductor with a combination of properties that has proved difficult to achieve with a single bulk material. 1, 2 In particular, many of the popularly studied binary metal oxide semiconductors have wide band gaps (> 3 eV), including TiO2, SrTiO3 and ZnO. 1, 3 This is an inherent limitation of oxides, at least for cation electron configurations of d 0 and d 10 , due to the highly positive potential of the valence bands formed by O 2p states. 4, 5 A practical implication of such wide band gaps is that light absorption is only possible at UV wavelengths. However, 43% of the energy in sunlight (AM1.5) is in the visible range (400 nm < λ <700 nm), meaning that the solar conversion efficiencies of wide band gap materials are severely limited. 6, 7 Thus, developing photoactive materials, particularly nonoxides, that can absorb visible light is critical to achieving high efficiencies. In order to achieve practical efficiencies, it has been proposed that photoactivity must be extended to a wavelength of at least 600 nm. 1, 4 This has necessitated materials development strategies to enhance visible-light absorption.
Popular approaches have often focused on modification of bulk composition, such as doping 1, [8] [9] [10] and element substitution. 11 Manipulating interfaces 12 in thin film structures, on the other hand, is a relatively unexplored approach that provides alternative opportunities for controlling electronic properties and hence light absorption behavior. Modern thin film synthesis techniques allow materials with starkly contrasting properties to be combined into composite structures with atomic-level control. 13, 14 The underlying principle of using such composite thin film structures (e.g. multilayered films) is that the imposed proximity and twodimensional constraint between the two contrasting materials can create physicochemical conditions at the heterointerfaces that lead to atomic bonding environments and hence electronic states that are not present in either bulk material on its own.
While heterointerfaces have been widely used in photocatalysis and photovoltaic devices to improve charge separation, [15] [16] [17] [18] here we show that interface engineering (as opposed to modifying bulk compositions) can also be successfully exploited to enhance visible-light absorption and hence improve PEC performance, and can result in visible-light activity that greatly exceeds the performance of the individual materials.
The model system used in this work is a new non-oxide material system -ZnS-GaP 20 and a monolithic GaInP/GaInAs dual-absorber tandem device. 21 These non-oxide materials often have poor stability in contact with electrolytes and require protective layers. 22, 23 The choice of ZnS and GaP in this work was based on theoretical predictions that direct band gaps close to the optimum value of 2.0 eV are readily achievable in this material system. 24 Pure ZnS itself has a wide band gap of 3.6 eV, so should be inactive at visible-light wavelengths. Pure GaP has a band gap of 2.3 eV, but the indirect nature of the band gap leads to light absorption depths much greater than the minority-carrier diffusion length, and hence low photocurrents. 19, 25 Our previous theoretical work 24 showed that the addition of ZnS to determined by -2 X-ray diffraction analysis using an Empyrean X-ray diffractometer (X'pert, Panalytical).
Characterization. Cross-sectional transmission electron microscope (TEM) specimens were prepared by mechanical polishing followed by argon ion thinning at 1-3 kV using a precision ion polishing system (PIPS, i.e. cutting, grinding, dimpling, polishing) followed by Ar-ion Density functional theory (DFT) Calculations. The DFT method has been described previously. 24 Briefly, the electronic properties of a ZnS/GaP multilayered structure were calculated with the CRYSTAL14 code, 28, 29 using an 86-4111(d41) basis set for Zn, 30 an 86-311(d) basis set for S, 31 and pseudopotentials for Ga and P. 32 Basis set parameters for the valence functions were re-optimized for GaP and ZnS. The B3PW hybrid method 33, 34 
RESULTS AND DISCUSSION
The structures of the multilayer films deposited by pulsed laser deposition (PLD) are shown in Figure 1a . The films consist of alternating ZnS and GaP layers with different numbers of ZnS/GaP (Z/G) interfaces. Hereafter, we label the films as "Z/G-x" where x is the number of interfaces in the multilayer structure. The overall thickness of each film is similar (300 nm, Supporting Information Figure S1 ), corresponding to the same total number of laser pulses used for ZnS and GaP deposition. The outer layer of all films is ZnS, to ensure consistency of the surface chemistry and to avoid direct contact between the electrolyte and GaP, which has poor stability 21, 35 . Films of only ZnS (labeled "Z") and only GaP (labeled "G") were also deposited for comparison. Topographic atomic force microscopy (AFM) images of the film surfaces show that the surfaces are quite similar in roughness (not shown). Figure S2 ).
Cross-section transmission electron microscopy (TEM) coupled with energy dispersive spectroscopy (EDS) mapping was performed to examine the nature of the interfaces. As a consequence of the interdiffusion, the ZnS-GaP interfaces are not atomically flat but have wavy profiles (as seen in Figure 1c ). We are confident this is not due to scanning or TEM sample preparation artefacts, as the ZnS-substrate interface is atomically smooth. Full details of the interfacial structure and interdiffused regions are beyond the scope of the current work and will be reported elsewhere.
UV-visible spectra of all samples are shown in Figure 2a (measured in transmission mode on quartz substrates). As the number of interfaces increases, the band gap slightly decreases.
While weak absorption peaks are seen at visible-light wavelengths for the multilayer films, most notably a shoulder peak centred at ~ 420 nm for Z/G-10, it is not clear if these peaks are due to absorption by the films or interference effects. These results indicate that the presence of ZnS/GaP interfaces does not strongly influence the absorption of the bulk material and light absorption is dominated by ZnS. for the GaP film due to its instability in the electrolyte). It should be noted that the photocurrents are measured under only visible-light irradiation, with no co-catalyst, and the electrolyte is not sacrificial. The photocurrent density for all the multilayer films is significantly higher than for the film of only ZnS, which produces negligible photocurrent.
Importantly, it increases with increasing number of ZnS/GaP interfaces, reaching a maximum of 4.4 µA/cm 2 for Z/G-10 at 1.0 V bias. In contrast to many non-oxide semiconductors that corrode rapidly in direct contact with electrolytes, the films showed good stability over the timescale of the measurement (40 minutes); stability will be further studied in future work.
The action spectra for both the ZnS and Z/G-10 films are shown in Figure 2c and 2d. It can be seen that Z/G-10 shows clear photoactivity under visible-light wavelengths that is significantly higher than the photoactivity of ZnS. The photoactivity for Z/G-10 extends to a wavelength of 650 nm, much longer than expected for pure ZnS, and longer than previously reported for GaP 36, 37 , the mixed semiconductor system GaN-ZnO 27,38 and most oxide photoelectrodes (e.g. TiO2 even when doped with nitrogen 39 or transition metals 40 , and
Since all three films show similar surface morphology, we can eliminate surface roughness as a significant factor. On the other hand, photocurrent density increases with number of interfaces, which suggests that they are predominantly responsible for the visible-light absorption.
To understand how the interfaces in the multilayered films can give enhanced visible-light activity, we performed a density functional theory (DFT) calculation of a ZnS-GaP multilayer structure, shown in Figure 3a . From our previous work, the band gaps of ZnS and GaP calculated using this DFT method are 3.4 eV (direct) and 2.5 eV (indirect), respectively, in good agreement with the experimentally-measured values 42 . The band gap of the multilayer structure is 2.1 eV, smaller than that of either pure ZnS or GaP; the band gap is direct. To investigate the origin of band gap reduction, we calculated the projected densities of states (DOS) for the multilayered structure (Figure 3b ). It can be seen that the top of the valence band is formed by states on P atoms at the interface with ZnS and the bottom of the conduction band is formed by states on Ga atoms at the interface with ZnS. Thus, it is the Zn-P and Ga-S bonds at the interfaces between layers that determine the valence and conduction band energies and hence it is the presence of these bonds that causes the band gap reduction.
It should be noted that, while the thickness of the ZnS and GaP layers in the structure used for the DFT calculation is much less than that of the synthesized films, DFT calculations for different layer thicknesses have been completed and all lead to the same overall conclusion that the band gap reduction is due to the presence of Zn-P and Ga-S bonds at the interfaces. The DFT results indicate that there are unique atomic bonding environments at the interfaces (i.e. Zn-P and Ga-S bonds), that give rise to electronic states that are not present in the ZnS and GaP away from the interfaces, and it is these electronic states that reduce the band gap locally at the interfaces. To further confirm the changes in the electronic states at the ZnSGaP interfaces, we used depth-resolved X-ray photoelectron spectroscopy (XPS) to characterize the binding energies vs. depth through the cross-section of the Z/G-4 film. Figure   4a shows a two-dimensional contour map in the energy region of the Zn 3d and Ga 3d peaks.
Figures 4b and 4c show the Zn 3d and Ga 3d peaks, respectively, at the interface closest to the substrate and Figure 4d shows the Ga 3d peak at the 2 nd interface from the substrate. The 3d peak positions within the ZnS and GaP layers are in general agreement with the expected values. 43, 44 Within the GaP layers, the Ga 3d peak is at 19.2 eV. However, as the interface is approached, the Ga 3d peak gradually becomes asymmetric and develops a shoulder at an energy of ~ 21 eV (indicated by the arrows in Figures 4c and 4d ), which may be attributed to Ga bonded to ZnS at the interface. The presence of this peak at the interface at a higher binding than Ga 3d in GaP indicates a lowering of the Ga energy states and hence a lowering of the conduction band energy, consistent with both the DFT results, which show the conduction band minimum is dominated by Ga at the interface (Figure 3b) , and the observed increase in visible-light photocurrent attributed to the interfaces. This same shoulder peak for Ga 3d at a binding energy of ~ 21 eV is also seen at the other two interfaces of the Z/G-4 sample (Supporting Information Figure S3) . A similar effect is observed for Zn. The Zn 3d peak within the layer closest to the substrate is seen at a binding energy of 10.8 eV. As the interface with GaP is approached, the Zn 3d peak shifts in energy to 11.2 eV (indicated by the arrow in Figure 4b ). This peak shift persists in all the subsequent ZnS layers where there is a trace concentration of Ga. Thus, the shift may be attributed to Zn bonded to GaP and again shows that atomic environments at the interfaces give rise to electronic states not seen in either pure ZnS or GaP. In summary, the XPS results confirm the DFT prediction that there are electronic states associated with atomic bonding environments at the ZnS-GaP interfaces and that these electronic states can result in a band gap reduction. It is this band gap reduction that leads to the observed visible-light photocurrent that has been attributed to the effect of the interfaces.
CONCLUSIONS
We have presented a new non-oxide photoelectrode material and shown enhancement of the photocurrent density under visible light due to the presence of ZnS/GaP interfaces in multilayered films. The activity extends to long wavelengths (650 nm). Consistent with these findings, DFT calculations indicate the formation of electronic states associated with atomic bonding environments at the interfaces between ZnS and GaP films that are different from the states for atoms away from the interfaces; these interfacial electronic states can lead to a local reduction in the band gap. The introduction of these electronic states associated with the interfaces has been confirmed by depth-resolved XPS. Overall, this work demonstrates the ability to use interfaces between materials, rather than changes to bulk materials, to control light absorption and hence achieve visible-light photoactivity.
SUPPORTING INFORMATION
High resolution transmission electron microscopy (HRTEM) cross-section images, (111) peak from XRD patterns, Ga 3d XPS peak near the two outer interfaces of the Z/G-4 film are included in the supporting information.
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